Influence of salivary conditioning and sucrose concentration on biofilm-mediated enamel demineralization by Ayoub, Hadeel M. et al.
J Appl Oral Sci.
Abstract
Submitted: August 20, 2019
Modification: November 8, 2019
Accepted: December 6, 2019
Influence of salivary conditioning and 
sucrose concentration on biofilm-
mediated enamel demineralization
The acquired pellicle formation is the first step in dental biofilm formation. 
It distinguishes dental biofilms from other biofilm types. Objective: To 
explore the influence of salivary pellicle formation before biofilm formation 
on enamel demineralization. Methodology: Saliva collection was approved 
by Indiana University IRB. Three donors provided wax–stimulated saliva as 
the microcosm bacterial inoculum source. Acquired pellicle was formed on 
bovine enamel samples. Two groups (0.5% and 1% sucrose–supplemented 
growth media) with three subgroups (surface conditioning using filtered/
pasteurized saliva; filtered saliva; and deionized water (DIW)) were 
included (n=9/subgroup). Biofilm was then allowed to grow for 48 h using 
Brain Heart Infusion media supplemented with 5 g/l yeast extract, 1 mM 
CaCl2.2H2O, 5% vitamin K and hemin (v/v), and sucrose. Enamel samples 
were analyzed for Vickers surface microhardness change (VHNchange), and 
transverse microradiography measuring lesion depth (L) and mineral 
loss (∆Z). Data were analyzed using two-way ANOVA. Results: The two-
way interaction of sucrose concentration × surface conditioning was not 
significant for VHNchange (p=0.872), ∆Z (p=0.662) or L (p=0.436). Surface 
conditioning affected VHNchange (p=0.0079), while sucrose concentration 
impacted ∆Z (p<0.0001) and L (p<0.0001). Surface conditioning with 
filtered/pasteurized saliva resulted in the lowest VHNchange values for both 
sucrose concentrations. The differences between filtered/pasteurized 
subgroups and the two other surface conditionings were significant (filtered 
saliva p=0.006; DIW p=0.0075). Growing the biofilm in 1% sucrose resulted 
in lesions with higher ∆Z and L values when compared with 0.5% sucrose. 
The differences in ∆Z and L between sucrose concentration subgroups was 
significant, regardless of surface conditioning (both p<0.0001). Conclusion: 
Within the study limitations, surface conditioning using human saliva does not 
influence biofilm–mediated enamel caries lesion formation as measured by 
transverse microradiography, while differences were observed using surface 
microhardness, indicating a complex interaction between pellicle proteins 
and biofilm–mediated demineralization of the enamel surface.
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Introduction
Dental caries is a multifactorial disease, in which 
acid–producing bacteria, dietary carbohydrates, time, 
and a susceptible host contribute to the disease 
initiation and progression.1 The process starts when 
oral bacteria, present in an equilibrium state, ferment 
carbohydrates; this equilibrium shifts to increased 
populations of acidogenic (acid–producing) and 
aciduric (acid–tolerant) bacteria.1 The consistent 
presence of acid in the environment disrupts the 
mineral equilibrium of the exposed dental structures 
(i.e. enamel and/or dentin), and, therefore, leads to 
carious lesions.1,2
Dental biofilm has been defined as “matrix–
enclosed microbial communities in which cells adhere 
to each other and/or to surfaces or interfaces.”3 Over 
700 bacterial species are present in the oral cavity.4 
They are in all oral hard and soft tissue structures. 
These bacterial aggregations usually produce and 
become enclosed in extracellular polymeric substance 
(EPS). The formation of dental biofilm (or dental 
plaque) consists of several steps, which start with 
the formation of the acquired pellicle, followed by the 
initial adhesion of planktonic bacteria to the pellicle 
layer by binding sites, subsequent maturation of the 
bacterial biofilm, and, finally, the dispersion of biofilm 
with detachment of cells/clusters of cells.5
The formation of the acquired pellicle is the first 
step in dental biofilm formation, and it is a unique 
step distinguishing it from other biofilm types.5 It 
consists of several interactions between various 
salivary glycoproteins, and their interaction with the 
tooth surface. These biochemical interactions are 
based on Gibbs law of free enthalpy5,6; they lead to 
the attachment of salivary glycoproteins to a surface 
(i.e. the enamel). The resulting formed layer is a 
protein–rich layer with binding sites; these sites are 
ready for early colonizers to attach.6
Based on this unique process, some studies 
suggested a new intervention to prevent biofilm 
formation: this intervention is in the form of preventing 
pellicle formation.7 Many microbial studies have 
explored and studied dental biofilm from many 
aspects using different cariogenic models.8-11 However, 
they omitted the step of surface conditioning by 
the formation of acquired pellicle. This leads to less 
clinical relevance, especially for this area of study (the 
significance of including the pellicle) has not been 
researched previously.
Acquired enamel pellicle (AEP) has been explored 
previously for its composition and function.12-16 Studies 
have explored pellicles and found differences between 
AEP formed in vitro, in vivo, and in situ. These studies 
have reported ultrastructural variations, intrinsic and 
extrinsic maturation variations, as well as variation in 
the AEP morphology. Studies have found that in vitro 
AEP were superior to in vivo, which contain higher 
amounts of proteins. They are also superior in the 
overall amounts produced (due to the difficulty in 
collecting in vivo AEP).12-16
In in vitro studies, the salivary pellicle can typically 
form before exposure to bacteria–containing media, 
resulting in biofilm formation. Several methods have 
been used to form a salivary pellicle.17-19 In general, the 
dental surface is exposed to saliva (sterilized, free from 
bacteria) for a specific amount of time (ranges from 
minutes to several hours) before being exposed to oral 
bacteria for biofilm formation.17-19 The significance of 
surface conditioning before biofilm growth (to allow 
the formation of acquired enamel pellicle) in studying 
biofilm models was not evaluated previously and, 
therefore, needs to be explored. Hence, this study 
aims to explore the influence of salivary conditioning 
before biofilm formation on enamel demineralization.
The hypothesis was: 1) a significant difference 
between filtered/pasteurized saliva, filtered saliva, 
and deionized water (DIW; negative control) as 
conditioning agents on biofilm–mediated enamel 
demineralization; and 2) a significant difference 
between 0.5% and 1% sucrose–supplemented growth 
media on enamel demineralization.
Methodology
Specimen preparation
Extracted bovine incisors were sectioned to obtain 
5×5 mm enamel specimens using a Buehler IsometTM 
low-speed saw (Buehler, Ltd., Lake Bluff, IL, USA). 
Approximately 54 teeth were used to obtain 54 
specimens. During preparation, the teeth were stored 
in deionized water with thymol. Using a Struers Rotopol 
31/RotoForce 4 polishing unit (Struers Inc., Cleveland, 
PA, USA), all specimens were ground and polished to 
ensure flat parallel dentin/enamel surfaces. For the 
finishing process, the dentin side was ground using 
500–grit silicon carbide grinding paper. Then, the 
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enamel side was serially ground using 1,200, 2,400 
and 4,000 grit papers. After that, specimens were 
polished using a 1–µm diamond polishing suspension 
on a polishing cloth to obtain a 5×5 mm polished 
enamel surface. All specimens were examined for 
cracks, white spots, or any other flaws that could 
exclude the specimen from the study, using Nikon SMZ 
1500 stereomicroscope at ×20 magnification.
Baseline measurement and experimental 
groups
All specimens were subjected to enamel 
surface microhardness test (VHNsound) to ensure 
standardization. A Vickers diamond identifier (Tukon 
2100; Wilson-Instron, Norwood, MA, USA) was used 
with a load of 200 g for 15 s. Three indentations, 
approximately 100 µm apart, were placed on each 
specimen and averaged; the inclusion range was 
VHNsound between 300-380. Specimens were divided 
into two groups, based on the sucrose concentration to 
which the biofilm/enamel surface was subjected (0.5% 
and 1% sucrose concentrations). Each group was 
divided further into three subgroups (n=9/subgroup), 
according to the nature of the salivary conditioning to 
the enamel surface before biofilm formation. The three 
conditions tested were: filtered/pasteurized saliva; 
filtered saliva; and deionized water (DIW; negative 
control).
Salivary bacterial model
Biofilm model
After completing specimen preparation, specimens 
were mounted on the inside of a lid of a 6–well plate 
(FisherBrand, Fisher Scientific), with three specimens 
per well, using acrylic cubes to create an active 
attachment model and following a previously described 
protocol.1,20 The model was disinfected using 70% 
ethanol prior to bacterial and/or pellicle inoculation.21
Saliva collection
Ethical approval was obtained from the Indiana 
University (IUPUI) institutional review board (IRB 
#1406440799) for saliva collection. Wax–stimulated 
saliva samples from three adult donors were 
collected and pooled (approx. 50 mL/donor). The 
inclusion criterion considered healthy participants 
(no systemic diseases) with normal salivary flow and 
absence of active caries or periodontal disease. To 
ensure standardization, participants refrained from 
oral hygiene measures overnight. Before bacterial 
inoculation or freezing, the pooled saliva was tested for 
the presence of Streptococcus mutans and Lactobacilli 
using selective agars (MSSB and Rogosa agars, 
respectively). The results confirmed the presence 
of both species. A total of 5 mL of the pooled saliva 
and growth media mix (1:10 ratio) were incubated 
anaerobically overnight, then mixed with 10% glycerol 
and frozen immediately at −80ºC. This microcosm 
bacterial mix was used as the source for bacterial 
inoculum. The remaining pooled saliva was pasteurized 
as described below.
Saliva pasteurization
The collected, pooled saliva was diluted in sterile 
saline at 1:10 dilution. The diluted solution was 
filtered using Whatman filter paper to remove large 
debris. This filtered saliva was used to create the 
salivary pellicle in subgroups exposed to filtered saliva. 
For pasteurization, an additional sterilization step, 
pasteurization, was performed with the remaining 
filtered saliva, using a previously published protocol.22 
Briefly, after the diluted solution first filtration, it was 
centrifuged to remove mucin and bacteria (10 minutes, 
4ºC, 27,000× g). The supernatant was retained and 
pasteurized at 60ºC for 30 minutes, then recentrifuged 
for 10 minutes. The prepared saliva was stored in 
aliquots of 50 mL and frozen at −80°C for further use.
Surface conditioning
All specimens were immersed in their corresponding 
solutions: filtered/pasteurized saliva, filtered saliva, or 
DIW as negative control. Specimens were incubated 
in their respective solution at 5% CO2 and 37ºC for 5 
minutes to allow surface conditioning.
Biofilm growth
Immediately after surface conditioning, specimens 
were transferred to a new, sterile 6–well plate 
containing growth culture media that was inoculated 
with the overnight bacterial culture (without washing 
the samples between the two steps). Microcosm 
biofilm was grown under anaerobic conditions at 37°C 
for 48 h. The growth media used to grow the biofilm 
was Brain Heart Infusion (BHI) broth, supplemented 
with 5 g/L yeast extract, 5% vitamin K and hemin (v/v) 
and supplemented with either 0.5% sucrose or 1% 
sucrose. After 48 h, the biofilm was collected by placing 
each specimen in an Eppendorf tube (containing 1 mL 
sterile saline), sonicated at 30 W for 10 seconds, and 
vortexed immediately for 10 seconds to completely 
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detach biofilm from the enamel surface.
Post-treatment analyses
 
Surface microhardness change (VHNchange)
Post-treatment surface microhardness was 
measured following the same protocol used for 
the VHNsound. Three indentations were made at 
approximately 100 µm next to the baseline VHNsound 
indentations. VHNchange values were calculated using the 
formula VHNchange=100×(VHNsound−VHNpost)/VHNsound.
Transverse microradiography
One section, approximately 100 µm thick, was 
cut from the center of each specimen and across 
the specimen using a Silverstone-Taylor Hard Tissue 
Microtome (Scientific Fabrications Laboratories, USA). 
All sections were placed in the TMR-D1 v.5.0.0.1 
system and X-rayed at 45 kV and 45 mA at a fixed 
distance of 12 s. An aluminum step wedge was 
X-rayed under identical conditions. Digital images 
were analyzed using the TMR software v.3.0.0.18. 
Sound enamel was assumed to be 87% v/v mineral. 
The data obtained from this analysis were integrated 
mineral loss (∆Z; %vol.μm) and lesion depth (L; μm).
Statistical analysis
All three variables (VHNchange, ∆Z, L) were analyzed 
using two-way ANOVA, with factors for sucrose 
concentration and surface conditioning as well as the 
interaction between them. All pair-wise comparisons 
from ANOVA analysis were made using Fisher’s 
Protected Least Significant Differences to control the 
overall significance level at 5%. Statistical analysis 
was performed using SAS version 9.4 (SAS Institute, 
Inc., Cary, NC).
Results
The two-way interaction sucrose concentration 
× surface conditioning was not significant for 
VHNchange (p=0.872), ∆Z (p=0.662) or L (p=0.436). 
Surface conditioning affected VHNchange significantly 
(p=0.0079); however, it did not affect ∆Z (p=0.7383) 
or L (p=0.7323). Sucrose concentration impacted ∆Z 
(p<0.0001) and L (p<0.0001); however, it did not 
affect VHNchange (p=0.2877). Table 1 shows the data 
for all measured variables for each subgroup.
The VHNchange pairwise multiple comparison 
analyses indicated that the pellicle type created 
a significant difference between groups. In both 
sucrose concentrations, surface conditioning with 
filtered/pasteurized saliva resulted in the lowest 
VHNchange values, when compared with other surface 
conditioning groups. The difference between filtered/
pasteurized subgroups and the two other surface 
conditionings was significant (filtered/pasteurized and 
filtered saliva subgroups p=0.006; filtered/pasteurized 
and DIW subgroups p=0.0075), while difference 
was insignificant between filtered saliva and DIW 
subgroups (p= 0.9312) (Table 1).
For the ∆Z values, the pairwise comparisons 
indicated a statistically significant difference only 
between 0.5% and 1% sucrose concentration 
(p<0.0001), and not based on the surface conditioning 
status. Growing the biofilm in 1% sucrose always 
resulted in lesions with higher ∆Z values, indicating 
more severe lesions.
Similarly, the pairwise comparisons for L values 
indicated a statistically significant difference between 
0.5% and 1% sucrose (p<0.0001). Also, the L values 
were always higher in 1% incubation conditions, which 
Surface Conditioning
Sucrose 
Concen-
tration
VHNchange ∆Z L
Filtered/
Pasteurized 
Saliva
Filtered
Saliva
Control
(DIW)
Filtered/
Pasteurized
Saliva
Filtered
Saliva
Control 
(DIW)
Filtered/ 
Pasteurized 
Saliva
Filtered 
Saliva
Control 
(DIW)
0.5% 32.7 a, A 51.5 b, A 48 b, A 820 a, A 1257 a, A 867 a, A 38.8 a, A 47.8 a, A 37.3 a, A
±20.7 ±18.4 ±17.1 ±266 ±406 ±338 ±9 ±9.6 ±14.2
1% 24.8 a, A 43.9 b, A 46.2 b, A 2623 a, B 2505 a, B 2428 a, B 78.4 a, B 73.3 a, B 74.6 a, B
±22.4 ±21 ±18.8 ±1014 ±1480 ±1208 ±17.5 ±26.7 ±20.6
Upper case letters indicate statistically significant differences between surface conditioning methods within sucrose concentrations
Lower case letters indicate statistically significant differences between sucrose concentrations within surface conditioning methods
Table 1- Percentage surface microhardness (VHNchange), mineral loss (∆Z; %volmin.μm), and lesion depth (L; μm) data (mean ± standard 
deviation) for all treatment groups
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means more severe carious lesions (Table 1).
Discussion
This study aimed to evaluate the influence of 
surface conditioning using human saliva before biofilm 
formation in vitro on enamel demineralization. The 
statistical analysis results showed the hardness data 
were only affected by pellicle type, whereas the TMR 
data were only affected by sucrose concentration. To 
fully understand this contradiction, one should consider 
the differences between the variables studied.
Surface microhardness is a measurement of how 
a material responds to deformation. It is mainly 
influenced by surface integrity and rather than by 
structural characteristics or mineral content of the 
bulk substrate. One of the pellicle functions in the oral 
cavity is its masking effect: it coats dental surfaces 
and other structures, which may lead to different 
patterns of bacterial biofilm formation according to the 
presence/absence or the quality of the pellicle.23-25 The 
presence or absence of a pellicle layer, therefore, will 
affect surface characteristics, and this may explain the 
significant differences between pellicle subgroups in 
our study. On the other hand, TMR measures are based 
on mineral content rather than structure. Therefore, 
the expectation is to observe differences only when 
carious lesions with different mineral contents and/or 
distributions form during demineralization.26
Surface microhardness testing is straightforward 
and nondestructive. In some studies, it is coupled with 
transverse microradiography based on their objective. 
The minerals loss within the outer enamel was found 
to be proportional with the degree of the indenter 
penetration. However, deeper lesions cannot be 
quantitatively measured using surface microhardness.27 
Moreover, surface microhardness is most effective 
in analyzing homogenous materials and shallow 
lesions only (e.g. enamel outer surface).28 White28 
(1987) reported, in a study in which they evaluated 
the differences between surface microhardness and 
microradiography, that surface microhardness could 
detect remineralization in early lesions (or at least 
hardening of the surface without remineralization).28 
Evaluating mineral content within the outermost layers 
of the enamel using microradiography is difficult. 
Therefore, the two analyses are usually considered 
complementary to each other in demineralization/
remineralization studies.28
In this study, an active attachment model adopted 
from a previously published model was used.1,20 
Despite still lacking more complex features that lead 
to more clinical relevance (e.g. pulsation of nutrients 
into the environment),29 an active attachment has 
the advantage of ensuring that the bacterial layers 
formed over the surface are not just sedimented 
cells, but rather attached to the enamel surface and 
to each other.20
A salivary bacterial mix was used to create a 
largely undefined microcosm biofilm. Before bacterial 
inoculation, the pooled saliva was tested for the 
presence of Streptococcus mutans and Lactobacilli 
using selective agars. The results confirmed the 
presence of both species. In vitro studies use various 
approaches with biofilms formed from monospecies 
(such as Streptococcus mutans or Lactobacilli),20,30 two 
or multiple species (3–10 species),1,31 or a microcosm 
biofilm.32,33 While single or multiple, defined species 
allow for greater control, employing a microcosm 
biofilm can result in greater clinical relevance. The 
acquired pellicle can be formed from saliva or plaque 
samples collected and pooled from single and/or 
multiple donors.21 This study used an approach based 
on conclusions drawn from previous studies.21,32 Some 
studies limited their salivary (or plaque) mix to be 
collected from a single donor,33 other studies collected 
samples from two or more donors.34 In this study, 
wax–stimulated saliva samples from three donors were 
pooled, thereby increasing the translational value of 
the findings.
One could suggest that using a microcosm biofilm 
source may result in large variability. However, the 
variability of biofilm characteristics in in vitro studies 
was explored previously,21 and most studies33-35 
concluded that collection of saliva samples from the 
same donor at different times does not affect biofilm 
diversity. Moreover, the involvement of sucrose over 
time can lead to a dominance of certain bacterial 
strains (mainly cariogenic bacteria), thus overcoming 
initial differences between different samples (either 
from different donors or collected at different times 
from the same donor).21
The formation of acquired pellicle in in vitro 
studies can be conducted by exposing the surface of 
interest to sterile saliva solution for a certain period. 
Although including salivary pellicle in the model seems 
to be more clinically relevant, this step requires an 
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expensive and time–consuming saliva sterilization (to 
ensure a bacterium–free solution that still contains 
salivary glycoproteins). Pasteurization was the 
method chosen to sterilize the diluted, pooled saliva 
samples.22 Although the samples were exposed to 60ºC 
for 30 minutes, this method still preserved salivary 
glycoproteins, as the heat needed for irreversible 
protein denaturation is at least 80ºC.
It was documented previously that the time 
required to form the pellicle in vitro ranges from 3 
minutes to 7 days. The same studies reported minor 
relevance of pellicle maturation (i.e., aging).36-38 Based 
on that, the choice was to incubate the enamel samples 
in three surface conditioning media types for 5 minutes 
in this study. Exposing enamel surface in vitro to 1:10 
diluted saliva for 5 minutes is still expected to maintain 
clinical relevance; the longer exposure to glycoproteins 
overcomes the dilution factor.
The second variable explored was sucrose 
concentration. Carbohydrate concentration within the 
growth media has been reported to impact the biofilm 
composition.39 Consequently, the biofilm cariogenicity 
may also be affected. As mentioned before, acquired 
pellicle formation is an integral step that precedes 
bacterial attachment to dental and oral surfaces. The 
formation of acquired pellicle generally consists of 
two stages.40 The first stage is very rapid and includes 
adsorption of salivary glycoproteins to the substrate. 
However, the second stage occurs immediately after 
the first stage in vivo.40 It is characterized by more 
adsorption of biomolecules, being the oral fluids the 
source of these biomolecules.40 Therefore, two different 
conditions of sources for the salivary pellicle (filtered/
pasteurized and filtered saliva) were included in this 
study to represent these two stages and explore their 
influence in the pattern of demineralization. Although 
salivary pellicle formed from filtered/pasteurized saliva 
(which becomes free of viable bacteria) makes the 
in vitro study more controllable and the model more 
applicable if used in studies involving single/multiple 
species biofilm, using filtered saliva ensures more 
clinical relevance as the only eliminated element is 
food debris.
This study focused mainly on pellicle involvement in 
in vitro microbial studies, and on the influence of this 
factor on the hard tissue substrate characteristics. It 
did not test the influence of the presence of acquired 
pellicle on the cariogenicity of a microcosm biofilm. 
This can be tested in a similar study by collecting 48–
hour biofilm and analyzing cariogenicity (e.g., lactic 
acid production). The bacterial source (i.e., saliva 
vs. plaque samples) may also be tested, since it was 
already reported that biofilms formed from saliva vs. 
plaque have different characteristics.21 Furthermore, 
different incubation times may affect pellicle formation 
and maturation. Lastly, pellicle formation can also be 
achieved by exposing specimens to the oral cavity for 
different periods of time, which provides material for 
future research. Lastly, all the variables tested may be 
evaluated in a prolonged study (more than 48 h) to 
observe the lesion characteristics, especially TMR data.
Conclusion
Considering the limitations of this study, the 
presence or absence of an artificially induced acquired 
pellicle layer does not influence biofilm–mediated 
enamel caries lesion formation as measured by 
TMR. Some differences were observed using surface 
microhardness, indicating a complex interaction 
between pellicle proteins and biofilm–mediated 
demineralization of the enamel surface.
Acknowledgement
The authors thank Dr. E. Angeles Martinez-
Mier (IU School of Dentistry), Dr. Richard Lynch 
(GlaxoSmithKline, UK), and Mr. George Eckert (IU 
School of Medicine) for their support in designing the 
study and reviewing the results.
Authors Contributions
Ayoub, H. A.: Study conception and design; 
data acquisition; data analysis and interpretation; 
drafting of manuscript; critical revision; Gregory, 
R. L.: Study conception and design; data analysis 
and interpretation; drafting of manuscript; critical 
revision; Tang, Q.: data analysis and interpretation; 
critical revision; Lippert, F.: Study conception and 
design; data analysis and interpretation; drafting of 
manuscript; critical revision.
References
1- Arthur RA, Waeiss RA, Hara AT, Lippert F, Eckert GJ, Zero DT. A 
defined-multispecies microbial model for studying enamel caries 
development. Caries Res. 2013;47(4):318-24. doi: 10.1159/000347050
Influence of salivary conditioning and sucrose concentration on biofilm-mediated enamel demineralization
J Appl Oral Sci. 2020;28:e201905017/8
2- Gomar-Vercher S, Cabrera-Rubio R, Mira A, Montiel-Company 
JM, Almerich-Silla JM. Relationship of children's salivary microbiota 
with their caries status: a pyrosequencing study. Clin Oral Investig. 
2014;18(9):2087-94. doi: 10.1007/s00784-014-1200-y
3- Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott 
HM. Microbial biofilms. Annu Rev Microbiol. 1995;49:711-45. doi: 
10.1146/annurev.mi.49.100195.003431
4- Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE. Defining 
the normal bacterial flora of the oral cavity. J Clin Microbiol. 
2005;43(11):5721-32. doi: 10.1128/JCM.43.11.5721-5732.2005
5- Huang R, Li M, Gregory RL. Bacterial interactions in dental biofilm. 
Virulence. 2011;2(5):435-44. doi: 10.4161/viru.2.5.16140
6- Cavalcanti IM, Ricomini Filho AP, Lucena-Ferreira SC, Silva WJ, Paes 
Leme AF, Senna PM, et al. Salivary pellicle composition and multispecies 
biofilm developed on titanium nitrided by cold plasma. Arch Oral Biol. 
2014;59(7):695-703. doi: 10.1016/j.archoralbio.2014.04.001
7- Cukkemane N, Bikker FJ, Nazmi K, Brand HS, Veerman EC. 
Identification and characterization of a salivary-pellicle-binding peptide 
by phage display. Arch Oral Biol. 2014;59(5):448-54. doi: 10.1016/j.
archoralbio.2014.02.006
8- Kondo KY, Buzalaf MA, Manarelli MM, Delbem AC, Pessan JP. Effects of 
pH and fluoride concentration of dentifrices on fluoride levels in saliva, 
biofilm, and biofilm fluid in vivo. Clin Oral Investig. 2016;20(5):983-9. 
doi: 10.1007/s00784-015-1583-4
9- Nassar HM, Gregory RL. Biofilm sensitivity of seven Streptococcus 
mutans strains to different fluoride levels. J Oral Microbiol. 
2017;9(1):1328265. doi: 10.1080/20002297.2017.1328265
10- Pandit S, Jung JE, Choi HM, Jeon JG. Effect of brief periodic fluoride 
treatments on the virulence and composition of a cariogenic biofilm. 
Biofouling. 2018;34(1):53-61. 10.1080/08927014.2017.1404583
11- Zhang M, He LB, Exterkate RA, Cheng L, Li JY, Ten Cate 
JM, et al. Biofilm layers affect the treatment outcomes of NaF 
and nano-hydroxyapatite. J Dent Res. 2015;94(4):602-7. doi: 
10.1177/0022034514565644
12- Siqueira WL, Custodio W, McDonald EE. New insights into the 
composition and functions of the acquired enamel pellicle. J Dent Res. 
2012;91(12):1110-8. doi: 10.1177/0022034512462578
13- Hara AT, Ando M, González-Cabezas C, Cury JA, Serra MC, Zero DT. 
Protective effect of the dental pellicle against erosive challenges in situ. 
J Dent Res. 2006;85(7):612-6. doi: 10.1177/154405910608500706
14- Jensen JL, Lamkin MS, Oppenheim FG. Adsorption of human salivary 
proteins to hydroxyapatite: a comparison between whole saliva and 
glandular salivary secretions. J Dent Res. 1992;71(9):1569-76. doi: 
10.1177/00220345920710090501
15- Li J, Helmerhorst EJ, Yao Y, Nunn ME, Troxler RF, Oppenheim FG. 
Statherin is an in vivo pellicle constituent: identification and immuno-
quantification. Arch Oral Biol. 2004;49(5):379-85. doi: 10.1016/j.
archoralbio.2004.01.002
16- Siqueira WL, Helmerhorst EJ, Zhang W, Salih E, Oppenheim FG. 
Acquired enamel pellicle and its potential role in oral diagnostics. Ann 
N Y Acad Sci. 2007;1098:504-9. doi: 10.1196/annals.1384.023
17- Signori C, van de Sande FH, Maske TT, de Oliveira EF, Cenci 
MS. Influence of the inoculum source on the cariogenicity of in 
vitro microcosm biofilms. Caries Res. 2016;50(2):97-103. doi: 
10.1159/000443537
18- Koo H, Schobel B, Scott-Anne K, Watson G, Bowen WH, Cury 
JA, et al. Apigenin and tt-farnesol with fluoride effects on S. mutans 
biofilms and dental caries. J Dent Res. 2005;84(11):1016-20. doi: 
10.1177/154405910508401109
19- Al-Ahmad A, Follo M, Selzer AC, Hellwig E, Hannig M, Hannig C. 
Bacterial colonization of enamel in situ investigated using fluorescence 
in situ hybridization. J Med Microbiol. 2009;58(Pt 10):1359-66. doi: 
10.1099/jmm.0.011213-0
20- Exterkate RA, Crielaard W, Ten Cate JM. Different response to 
amine fluoride by Streptococcus mutans and polymicrobial biofilms 
in a novel high-throughput active attachment model. Caries Res. 
2010;44(4):372-9. doi: 10.1159/000316541
21- Rudney JD, Chen R, Lenton P, Li J, Li Y, Jones RS, et al. A 
reproducible oral microcosm biofilm model for testing dental materials. 
J Appl Microbiol. 2012;113(6):1540-53. doi: 10.1111/j.1365-
2672.2012.05439.x
22- Guggenheim B, Giertsen E, Schupbach P, Shapiro S. Validation 
of an in vitro biofilm model of supragingival plaque. J Dent Res. 
2001;80(1):363-70. doi: 10.1177/00220345010800011201
23- Keene HJ, Brown CK. Colonization of metallic and nonmetallic 
restorations by Streptococcus mutans in vivo. Clin Prev Dent. 
1983;5(5):3-7.
24- Morge S, Adamczak E, Lindén LA. Variation in human salivary 
pellicle formation on biomaterials during the day. Arch Oral Biol. 
1989;34(8):669-74.
25- Siegrist BE, Brecx MC, Gusberti FA, Joss A, Lang NP. In vivo 
early human dental plaque formation on different supporting 
substances: a scanning electron microscopic and bacteriological 
study. Clin Oral Implants Res. 1991;2(1):38-46. doi: 10.1034/j.1600-
0501.1991.020105.x
26- Lippert F, Lynch RJ. Comparison of Knoop and Vickers surface 
microhardness and transverse microradiography for the study of early 
caries lesion formation in human and bovine enamel. Arch Oral Biol. 
2014;59(7):704-10. doi: 10.1016/j.archoralbio.2014.04.005
27- Arends J, Gelhard T. Enamel remineralization in vivo. Zahnarzt. 
1983;27(5):295-304.
28- White DJ. Reactivity of fluoride dentifrices with artificial 
caries. I. Effects on early lesions: F uptake, surface hardening and 
remineralization. Caries Res. 1987;21(2):126-40.
29- Lee VA, Karthikeyan R, Rawls HR, Amaechi BT. Anti-cariogenic 
effect of a cetylpyridinium chloride-containing nanoemulsion. J Dent. 
2010;38(9):742-9. doi: 10.1016/j.jdent.2010.06.001
30- Thneibat A, Fontana M, Cochran MA, Gonzalez-Cabezas C, Moore 
BK, Matis BA, et al. Anticariogenic and antibacterial properties of a 
copper varnish using an in vitro microbial caries model. Oper Dent. 
2008;33(2):142-8. doi: 10.2341/07-50
31- Mei ML, Li QL, Chu CH, Lo EC, Samaranayake LP. Antibacterial 
effects of silver diamine fluoride on multi-species cariogenic biofilm on 
caries. Ann Clin Microbiol Antimicrob. 2013;12:4. doi: 10.1186/1476-
0711-12-4
32- Cheng L, Exterkate RA, Zhou X, Li J, ten Cate JM. Effect of Galla 
chinensis on growth and metabolism of microcosm biofilms. Caries 
Res. 2011;45(2):87-92. doi: 10.1159/000324084
33- Wong L, Sissons C. A comparison of human dental plaque 
microcosm biofilms grown in an undefined medium and a chemically 
defined artificial saliva. Arch Oral Biol. 2001;46(6):477-86. doi: 
10.1016/s0003-9969(01)00016-4
34- Filoche SK, Soma KJ, Sissons CH. Caries-related plaque 
microcosm biofilms developed in microplates. Oral Microbiol Immunol. 
2007;22(2):73-9. doi: 10.1111/j.1399-302X.2007.00323.x
35- Cenci MS, Pereira-Cenci T, Cury JA, Ten Cate JM. Relationship 
between gap size and dentine secondary caries formation assessed 
in a microcosm biofilm model. Caries Res. 2009;43(2):97-102. doi: 
10.1159/000209341
36- Amaechi BT, Higham SM, Edgar WM, Milosevic A. Thickness of 
acquired salivary pellicle as a determinant of the sites of dental erosion. J 
Dent Res. 1999;78(12):1821-8. doi: 10.1177/00220345990780120901
37- Hannig M. Ultrastructural investigation of pellicle morphogenesis 
at two different intraoral sites during a 24-h period. Clin Oral Investig. 
1999;3(2):88-95. 10.1007/s007840050084
38- Hannig M, Balz M. Protective properties of salivary pellicles from two 
different intraoral sites on enamel erosion. Caries Res. 2001;35(2):142-
8. doi: 10.1159/000047446
AYOUB HM, GREGORY RL, TANG Q, LIPPERT F
J Appl Oral Sci. 2020;28:e201905018/8
39- Marsh PD, Hunter JR, Bowden GH, Hamilton IR, McKee AS, Hardie 
JM, et al. The influence of growth rate and nutrient limitation on the 
microbial composition and biochemical properties of a mixed culture of 
oral bacteria grown in a chemostat. J Gen Microbiol. 1983;129(3):755-
70. doi: 10.1099/00221287-129-3-755
40- Hannig M, Joiner A. The structure, function and properties 
of the acquired pellicle. Monogr Oral Sci. 2006;19:29-64. doi: 
10.1159/000090585
Influence of salivary conditioning and sucrose concentration on biofilm-mediated enamel demineralization
